Abstract Adoptive cell therapy using tumor-infiltrating lymphocytes (TIL) is arguably the most effective treatment for patients with metastatic melanoma. With higher response rates than ipilimumab or IL-2, and longer durations of response than vemurafenib, TIL therapy carries the potential to transform current outcomes in melanoma, while also defining the way cell-based immunotherapy gets incorporated into mainstream cancer treatment. This paper will review the current state of TIL therapy in melanoma, the strategies to improve its efficacy, the current obstacles, and future directions to expand the availability of TIL to the general patient population.
Introduction
Melanoma has long been recognized as one of the most immunogenic of all cancers. Of all tumor types, melanoma has provided the most fertile ground for the development of immunotherapeutic strategies. It was in melanoma that we first learned it was possible to achieve tumor regression solely by activating the immune system via interleukin-2, a T-cell growth factor [1, 2] . More recently, it has been in melanoma that the unprecedented therapeutic potential of T-cell checkpoint blockade has been realized, with durable responses to ipilimumab now lasting 8 years and beyond [3] .
At the other end of the immunotherapy spectrum from IL-2 and ipilimumab lies adoptive cell transfer (ACT), a more technical approach in which the patient's autologous T cells are expanded, manipulated ex vivo, and then re-infused into the patient to exert an anti-tumor response. Over the past 10 to 15 years, investigators have pursued different modalities of ACT: tumor-infiltrating lymphocytes (TIL), antigen-specific autologous T-cell clones, donor anti-tumor lymphocytes, and more recently, genetically engineered human lymphocytes. Of these, TIL therapy has been most thoroughly studied and has demonstrated the most consistently favorable results, supporting its viability as a mainstream treatment for metastatic melanoma.
Although currently less-heralded and much less accessible than ipilimumab, TIL therapy is arguably more successful, with response rates of over 50 % and durable complete response rates of 20 % in patients with metastatic melanoma who have failed other therapies [4••] . By comparison, ipilimumab offers long-term disease control for approximately 20 % of patients, but complete responses are rare. High-dose IL-2 provides complete responses in only 6 %-7 % of patients [5] . Standard chemotherapy induces objective responses in less than 20 %, rarely leads to CR, and benefits last only months. Thus, the need is urgent to expand the accessibility of TIL therapy so that it becomes a treatment option available to all metastatic melanoma patients.
Background
Early investigation into the use of immune cells to inhibit cancer growth was inspired in the 1950s by studies showing solid transplant rejection was mediated by cellular immunity [6] . Animal studies over the next decade established that lymphocytes from immunized donors could be transferred to mediate tumor regression in syngeneic recipients, and that IL-2 could be used to expand these lymphocytes [7] [8] [9] . Donohue et al took this further by demonstrating that the concurrent administration of IL-2 in vivo enhanced the anti-tumor efficacy of lymphocytes in a murine model [10] . However, the need for an immunized syngeneic donor as a source for anti-tumor lymphocytes remained an inherent obstacle to the translation of this work in humans, who lack such a source.
In 1986, this barrier was surmounted when Rosenberg and colleagues, at the Surgery Branch of the NIH, pioneered the use of tumor-infiltrating lymphocytes in mice and demonstrated that the combination of autologous TIL and cyclophosphamide could induce regression of metastases [11] . This was followed quickly with their landmark publication in 1988 of the first human study that showed TIL could induce cancer regression when administered to patients with metastatic melanoma [12] . An analysis of 86 melanoma patients treated with TIL followed by high-dose IL-2 at the NIH from 1987 to 1992 demonstrated a 34 % overall response rate, with similar activity in patients with prior IL-2 exposure or no prior IL-2 [13] . Five patients (6 %) had a complete response but only 2 were durable at 21 and 46 months. Since then, there has been considerable effort at the NIH and other institutions towards improving these results through modifications to the TIL generation and selection methodologies, as well as changes in the preparative regimens given prior to TIL.
How TIL Are Generated
The generation of TIL was pioneered by the Surgery Branch at the NIH (Fig. 1) [14, 15] . A tumor ideally 2 cm in diameter is first harvested by excisional biopsy and then dissected into fragments (approximately 1-3 mm 3 ) and placed in wells with media. IL-2 is added and over the following weeks, the TIL proliferate while the adherent tumor cells disappear as they die off, or are killed by the lymphocytes. After 2-4 weeks of growth, the TIL are tested for T-cell phenotype by FACS and for reactivity to autologous tumor cells. The wells containing cells with the highest cytokine-release after co-culture with autologous tumor cells are selected and expanded for 2 weeks using a rapid expansion protocol with agonistic concentrations of anti-CD3 antibody, IL-2 and irradiated, allogeneic feeder cells derived from normal donor pools of peripheral blood mononuclear cells. The total generation time from start to finish is approximately 5-6 weeks. Currently TIL can be generated successfully from 60 % to >90 % of melanoma tumor samples, at different institutions [15] [16] [17] [18] .
Host Factors Affecting TIL Generation
In 2011, Radvanyi and colleagues at MD Anderson performed an analysis of TIL growth in 226 consecutive patients with melanoma to determine what factors could predict successful TIL generation [16] . They found that younger patients and female patients carried a higher success rate for TIL generation. The TIL generation rate was 94 % for patients less than 30 years old compared with a 46 % success rate for patients over 60. Female patients had a significantly higher rate at 71 % vs 57 % for men. Patients who received systemic therapy less than 30 days before tumor harvest had a success rate of 47 % compared with a 66 % rate when the last therapy occurred greater than Fig. 1 Generation of tumorinfiltrating lymphocytes. Methodologies for generating tumorinfiltrating lymphocytes were pioneered by the Surgery Branch of the NCI/NIH. Tumor is first harvested from the patient, dissected into fragments, and then cultured with IL-2 for 2-4 weeks until the lymphocytes reach 30-50 million in number. After lymphocytes are tested against tumor cells, they undergo a 2-week rapid expansion to achieve a goal of 50 billion cells, which are then infused into the patient 90 days before harvest. Interestingly, exposure to prior immunotherapies such as ipilimumab or IL-2, even when given within 30 days of tumor harvest, did not increase the TIL yield.
Emerging Role of BRAF Inhibition in TIL Generation and Combination Treatment
It remains to be seen whether BRAF inhibition has an effect on TIL generation; the MD Anderson analysis described above did not have enough patients who received prior targeted therapy to reach statistical significance. This is a particularly interesting question because recently published in vitro work has shown that BRAF inhibition can increase the expression of melanoma differentiation antigens which, in turn, improves recognition by antigen-specific lymphocytes [19•] . This has fueled a great deal of excitement about the possibility of combination therapies with BRAF inhibition and immunotherapy.
In 2012, an examination of patient biopsies at the Melanoma Institute in Australia before and after BRAF inhibition revealed that the numbers of CD4+ and CD8+ lymphocytes infiltrating the tumors increased significantly 7 days after BRAF inhibition, and the increase in CD8+ lymphocytes correlated with tumor regression in patients [20] . Ribas and colleagues very recently published compelling murine data to support the superior efficacy of combination BRAF inhibition and adoptive cell therapy, using transgenic, antigenspecific T cell clones. This group found that BRAF inhibition increased cytotoxic activity and cytokine secretion by the transferred T cells, without affecting their expansion and trafficking to the tumor site [21] . The first protocol investigating the combination of BRAF inhibition and TIL was opened at the NIH this year using vemurafenib, the FDA-approved BRAF inhibitor, prior to TIL therapy (study identifier NCT01585415; clinicaltrials.gov).
Some TIL Are Better Than Other TIL TIL represent a heterogeneous population of lymphocytes that are growing within a tumor. This population as a whole is evidently ineffective in eradicating the tumor at that site, for complex reasons that likely include inadequate numbers of anti-tumor cells, anti-tumor cells that have become senescent or anergic, and high numbers of immunosuppressive cells, such as regulatory T cells. Local secreted factors like indole dioxygenase and arginase derived from immature dendritic cells and myeloid-derived suppressor cells in the tumor microenvironment also contribute [22] . The rationale of TIL therapy is that the anti-tumor immune response can be enhanced by removing cells with anti-tumor potential from the immunosuppressive tumor microenvironment to a setting where they can be expanded in vitro and then returned in high enough numbers that allow them to traffic to tumor sites and kill tumor targets and possibly other cell targets that sustain the tumor, such as vascular endothelial cells. Thus, an important goal of TIL investigation has been the identification of the ideal subtype within the initial mixed TIL outgrowth to expand preferentially and infuse back into the patient.
Over recent years, our understanding of T cell differentiation has led to a model in which, upon antigenic stimulation, T cells develop through progressive stages of differentiation from the naïve CD8+ T cells with high proliferative capacity to the terminally differentiated effector memory cell with very little proliferative or self-renewal capacity [23] [24] [25] . Animal and clinical studies over the last 5 years demonstrated that TIL at an earlier differentiation stage, with longer telomeres, and a younger central memory phenotype (CD62L+, CD27+, CD28+), are associated with longer in vivo persistence, and superior clinical response [26] [27] [28] .
This led to the development by Dudley et al in 2010 of a streamlined "Young TIL" protocol that pools lymphocytes from multiple tumor fragments, without additional selection, to obtain the cell number needed prior to rapid expansion, shortening the time compared with that of growing cells from individual microcultures to sufficient numbers [15] . By minimizing the time in culture, this new method enriched for TIL with an earlier differentiation stage with higher expression of CD27 and CD28 and longer telomeres. Svane and colleagues in Denmark performed a side-by-side comparison of 'standard' TIL and 'young' TIL in 2011 and also found a higher expression of CD27 and longer telomeres [29] . Their average time to establishment of TIL culture, prior to the 14-day rapid expansion step, was approximately 25 days for 'young' TIL vs 45 days for standard TIL. This faster production time also carries significant clinical impact by decreasing the numbers of patients who become ineligible for treatment due to rapid disease progression and clinical decline during the period of TIL generation.
Weber and colleagues at Moffitt Cancer Center are currently investigating how TIL generation can be enhanced by targeting 4-1BB, a co-stimulatory molecule on activated T cells involved in T-cell proliferation and antigen-specific cytolytic activity [30] . They recently presented compelling in vitro data at the 2012 American Society of Clinical Oncology (ASCO) annual conference in which an agonistic 4-1BB antibody was added to the initial culture step of the melanoma tumor fragments, along with standard IL-2. 4-1BB agonism yielded a TIL product with a higher CD8+ population, lower T regulatory cell numbers, and higher markers of cytolytic function. Further studies will determine whether this modification results in the enrichment of the TIL product with a more terminally differentiated T cell proliferation that has less replicative potential.
Their most impressive finding was a dramatic enhancement of TIL proliferation that led to 4.3×10 7 cells generated under 4-1BB agonism vs 2.3×10 7 cells with isotype control. The kinetics of proliferation were increased as well and the 4-1BB treated fragments reached the threshold cell number of 3×10 7 required for rapid expansion in less than 11 days, which would allow an overall TIL generation time of 25 days only. This group is currently starting a clinical trial for melanoma patients using this method for TIL generation. If these favorable data are reproduced in a clinical trial that also confirms the safety and efficacy of the TIL product, this could dramatically increase the numbers of patients eligible for TIL, by making it a more viable option for patients who are experiencing disease progression and can't wait months for treatment.
Another area of interest is whether the use of other T-cellsupporting cytokines such as IL-15 and IL-21 with or without IL-2 during the TIL generation would lead to a more effective T cell population than IL-2 alone in this step. Unlike IL-2, which promotes the differentiation of effector T cells and the proliferation of Treg cells as well as supporting T cell activation-induced cell death (AICD), IL-15 and IL-21 seem to induce a younger, less differentiated, central memory phenotype, and do not promote AICD [31, 32] .
The Importance of Lymphodepletion
Perhaps the most significant advancement in the field of TIL therapy since its inception has been the addition of a lymphodepleting conditioning regimen. The creation of a lymphopenic environment prior to TIL infusion is believed to enhance TIL proliferation and activity by reducing the numbers of immunosuppressive regulatory T cells and myeloid derived suppressor cells that are otherwise promoted by many factors associated with tumor growth, such as TGF-β and apoptosis-inducing receptor-ligand interactions [33, 34] . It is also widely believed that the elimination of other lymphocytes decreases the competition for homeostatic cytokines IL-7 and IL-15 [35] , providing both physical and biologic "space" for TIL and other potential effectors such as NK cells to proliferate, and survive. Total body irradiation contributes to lymphodepletion but also appears to increase the function of antigen-presenting cells by activating the innate immune system, in part due to bacterial translocation from gut mucosal damage, which provides activation signals to antigen-presenting cells through their toll-like receptors [36] .
In a compelling 2008 analysis, Dudley et al presented the results of 3 sequential trials with increasing intensities of myeloablation prior to TIL infusion [37] . In the first trial, a nonmyeloablative regimen was administered using cyclophosphamide (60 mg/kg for 2 days) and fludarabine (25 mg/ m 2 for 5 days) followed by TIL infusion and high-dose IL-2. The two subsequent TIL trials gave cyclophosphamide and fludarabine at the same doses as before, but with the addition of 2 Gy TBI for the second trial and 12 Gy TBI for the third trial. Although the trials were conducted sequentially, limiting the reliability of a comparison, they reported that the overall response rates and complete response rates were progressively higher with the greater intensity of lymphoand myeloablation. For the no-TBI, 2 Gy-TBI, and 12 Gy-TBI trials, the objective response rate was 49 %, 52 % and 72 %, respectively, and complete response rate was 12 %, 20 %, and 40 %, respectively [4••] . All but 1 of the CRs have continued beyond 3 years.
While the response rates are impressive, the myeloablative regimens carried significant toxicity. The latter 2 trials required hematopoietic rescue with autologous stem cells after TIL infusion due to the intensity of the myeloablative regimen. There was 1 treatment-related death out of 93 patients and 1 patient with prolonged pulmonary hypertension; both were on the 2 Gy-TBI trial. Five patients on the 12 Gy-TBI arm developed long-standing microangiopathic nephropathy, but interestingly, all 5 patients also achieved CRs and recovered from their renal failure. Because the apparent superiority of the 12 Gy-TBI regimen may be biased by differences in patient population and other factors, a prospective randomized trial is ongoing in which patients will receive identical TIL cell and conditioning regimens, but half will also receive TBI with autologous stem cell support (study identifier NCT01319565, clinicaltrials.gov).
Uncertain Role of Adjuvant Interleukin-2
The inclusion of adjuvant high-dose IL-2 in the first TIL trial was based on animal studies that demonstrated the in vivo administration of IL-2 enhanced the anti-tumor efficacy of transferred lymphocytes [10] . The use of IL-2 is problematic because IL-2 also exerts very potent proliferative effects on regulatory T cells, which may contribute to the poor response from TIL experienced by many patients [38] . Whether highdose i.v. IL-2 has an advantage over low-dose subcutaneous IL-2 for TIL cell support has not been evaluated. Yee et al examined the effect of low-dose, subcutaneous IL-2 on the in vivo survival of transferred T cells clones, and found the administration of low-dose IL-2 for 2 weeks following cell infusion increased the median duration of in vivo persistence of the T cell clones from 7 days without IL-2 to 17 days with IL-2 [39] . TIL may prove to be less dependent on IL-2 than CD8+ T cell clones, since TIL are comprised of a heterogenous population that includes CD4+ cells, which are the primary cellular source of IL-2. Also under investigation is whether IL-2 could eventually be replaced by other homeostatic cytokines such as IL-7 or IL-15, which demonstrate a greater selectivity for expanding CD8+ T cell populations over regulatory T cells [40] .
Feasibility of TIL as a Mainstream Treatment Option
The clinical benefits of TIL in metastatic melanoma are fairly well established. The clinical limitations that will characterize how it is used as a treatment option include the 5-6 week period currently required for TIL generation, a wait time that is excessive for many patients with aggressive metastatic melanoma. Also, the intense myeloablative conditioning regimen associated with the highest response rates would exclude a significant number of patients who are not fit enough to tolerate the regimen-related toxicities and intense support required to complete the therapy safely [4••] . Thus, as TIL therapy becomes more available to the general unselected melanoma patient population, the question of how much clinical benefit is gained from each level of lymphodepletion becomes increasingly important.
A societal limitation of this treatment is the expense of TIL generation and associated costs of inpatient care for the preparative lymphodepletion and high-dose IL-2. However, TIL generation will likely become less expensive if production is scaled for higher numbers of patients than the small groups typically treated on clinical trials. Also, the high cost of TIL production, estimated in the tens of thousands of dollars, needs to be viewed in the light of other therapeutic options for advanced melanoma, including recombinant fully human antibodies that currently cost in excess of $100,000 for a course of therapy as approved by the US FDA. The reported higher complete response rates from TIL over all other treatment options also suggest that TIL from a tumor harvested prior to some other cytoreductive therapy followed by infusion of the TIL could lead to cures in a substantial fraction of melanoma patients. Given in this fashion, the schedule and "dose" of consolidative TIL therapy would be limited, further lowering the costs and dramatically increasing the benefit to cost ratio.
The logistical barrier to TIL therapy becoming a widely available treatment option is the technical requirements of TIL generation, which is currently only performed in a limited number of academic institutions. One possibility is for TIL therapy to follow the path of hematopoietic stem cell transplantation, which can be performed at multiple institutions in major U.S. cities, and at sites around the world; patients can travel to these sites for treatment, and then return home for follow-up care. This model to obtain specialized treatment is feasible for many patients because, like TIL therapy, the transplant is a one-time treatment package with curative intent, making the need for travel and housing temporary. Another proposal by the CTEP subcommittee on adoptive cell therapy is the development of a centralized TIL growth facility that would receive the tumor, grow the TIL and ship the expanded cells out to the collaborating institutions [41] .
Conclusion
Metastatic melanoma is generally regarded to have a bleak prognosis. It is notorious for affecting young men and women in their 30s and 40s, and thus, the loss of productive years is one of the most significant among cancers [42] . Its incidence is also rising at a rate greater than almost any other cancer [43] . Both ipilimumab and vemurafenib represent important advances in the treatment of melanoma, yet the limited benefit of CTLA4 blockade, and the short-lived response duration of BRAF inhibitors, whose use is limited to patients whose tumors carry a BRAF V600 mutation, argue that neither will change the clinical outcome for the majority of melanoma patients in a meaningful way.
In contrast, TIL therapy has consistently demonstrated response rates 50 % and higher and impressive durable complete response rates of greater than 20 %, but has been available to only a small, selected group of patients in clinical trials at a handful of institutions. At a time when cancer treatment is becoming more personalized and personalized treatments are becoming more cost-effective for the general public, the feasibility of translating TIL therapy into an accessible, mainstream cancer treatment has never been greater. TIL therapy carries the potential to transform the state of melanoma care, while leading the way for future adoptive cellular therapy in many other cancers as well.
